Yeast Saccharomyces cerevisiae is auxotrophic for ergosterol in the absence of oxygen. We showed that complex changes in esterification of exogenously supplied sterols were also induced by anaerobiosis. Utilization of oleic acid for sterol esterification was significantly impaired in anaerobic cells. Furthermore, anaerobic cells fed different sterols exhibited striking variation in esterification efficiency (high levels of sterol esters for cholesterol and sitosterol, low levels for ergosterol, lanosterol or stigmasterol). Relative activities of two yeast acylCoA:sterol acyltransferases (Are1p and Are2p) changed in response to anaerobiosis: while Are2p was dominant under aerobic conditions, Are1p provided the major activity in the absence of oxygen. Our results indicate that sterol esters may fulfil different roles in aerobic and anaerobic cells. ß
Introduction
Similar to other eukaryotes, sterols are present in two forms in Saccharomyces cerevisiae^as free sterols located mainly in plasma membrane and as sterol esters sequestered in cytosolic lipid particles [1] . Sterol esteri¢cation in S. cerevisiae is catalyzed by two acylCoA :sterol acyltransferases encoded by nuclear genes ARE1 and ARE2 that exhibit 49% identity to each other and up to 20% homology to human acylCoA :cholesterol acyltransferase [2] . Analysis of sterol ester levels in wild-type yeast cells and in mutants bearing single disruptions in ARE genes indicated that the product of ARE2 gene (Are2p) might represent the major enzyme activity under standard cultivation conditions [2, 3] . No phenotypic e¡ect was associated with simultaneous disruption of both ARE1 and ARE2 genes in haploid strains, however, low sporulation e¤-ciency was observed in diploids homozygous for the are2 disruption [3] . Individual functions of Are1p and Are2p are still not clear since both proteins exhibit identical subcellular localization, similar substrate speci¢city with respect to fatty acids and only minor di¡erences in sterol preference [4] .
S. cerevisiae is one of few yeast species able to grow e¤ciently in the absence of oxygen. Adaptation of cellular metabolism to anaerobiosis includes signi¢cant changes in lipid biogenesis. Since oxygen is required for ergosterol biosynthesis, external ergosterol must be supplied to support anaerobic growth of this yeast. This dependence on external sterols results in major modi¢cations of intracellular sterol tra¤cking. In aerobic cells, the major route of ergosterol transport is from endoplasmic reticulum (the site of its synthesis) to plasma membrane (as primary site of its ¢nal localization). In anaerobic cells, sterol from the medium enters plasma membrane and it is subsequently distributed to other intracellular membranes including endoplasmic reticulum as the site of esteri¢cation [5] . This means that while synthesis and esteri¢cation of ergosterol take place in the same compartment, esteri¢ca-tion of externally supplied sterols is dependent on yet unspeci¢ed intracellular transport route(s).
Few systematic studies on sterol transport and esteri¢-cation in anaerobic yeast cells have been performed so far. We therefore decided to investigate this aspect of anoxic adaptation in S. cerevisiae in more detail. Altered substrate preference in sterol esteri¢cation after anaerobic shift and di¡erential response of yeast acylCoA :sterol acyltransferases encoded by genes ARE1 and ARE2 indicate that sterol esters may ful¢l di¡erent roles in aerobic and anaerobic cells.
Materials and methods

Strains and cultivation
The following S. cerevisiae strains (kindly provided by M. Bard, Indiana University^Purdue University at Indianapolis, USA ; for details see [2] ) were used in this study: 2A (MATa ura3-1, leu2-3,112, his3-11,15, trp1-1, can1-100); 2C (MATK K met14vHpaI-SalI, ura3-1, leu2-3,112, his3-11,15, trp1-1, can1-100, are2: :LEU2); and 2D (MATa ade2-1, ura3-1, leu2-3,112, his3-11,15, trp1-1, can1-100, are1 : :HIS3). Cells were cultivated aerobically in YPD media at 30³C with shaking. Anaerobic growth was performed under conditions used for cultivation of methanogenic bacteria. Shortly, YPD media supplemented with Tween 80 (source of unsaturated fatty acids, ¢nal concentration 0.06%) and resazurin (redox indicator with color shift at^42 mV; ¢nal concentration 0.005%) were placed in £asks closed by rubber stoppers. Media were degassed by short boiling and then extensively £ushed with deoxygenated argon. Traces of oxygen remaining in the medium were removed by addition of Na 2 S (¢nal concentration 6 mg l 31 ) and L-cysteine (¢nal concentration 8 mg l 31 ). Redox potential of media treated this way is reduced to 3330 V. Sterols (purchased from Sigma) and radiolabelled compounds ( [1- 14 C]acetic acid, UVVVR, Czech Republic; [1- 14 C]oleic acid, Amersham and [4- 14 C]cholesterol, Amersham) were injected to deoxygenated autoclaved media through rubber stoppers.
Lipid analysis
Yeast cultures were cooled on ice, collected by centrifugation and washed twice by distilled water at 4³C. 1U10 9 cells in 1 ml of water were broken by vortexing with 3 g of glass beads (diameter 0.4 mm) six times for 1 min with cooling on ice between individual breaking cycles. Lipids from cell homogenates were extracted by a modi¢ed method of Bligh and Dyer [6] . Extracts were dried under nitrogen, solubilized in a small volume of chloroform^metha-nol (2:1) and radioactivity in aliquots was determined by liquid scintillation counting. Aliquots of extracts (corresponding to 3U10 8 cells) were applied to silica gel thin layer plates and neutral lipids were separated in petrolether^diethyl ether^acetic acid (85:15:2). Lipids were visualized by autoradiography or charring with sulphuric acid [7] and the radioactivity in individual spots was determined by liquid scintillation counting. To normalize for small variations in probe uptake and extraction e¤ciency, relative amounts were calculated as percent of label in individual lipids from total label incorporated in lipids.
Results and discussion
Anaerobic yeast utilize ergosterol and oleic acid with low e¤ciency for sterol esteri¢cation
In aerobic S. cerevisiae, ergosterol esters accumulate in stationary phase of growth and they are hydrolyzed after resuming the growth. These changes in sterol ester levels are usually interpreted as the indication of their role as storage lipids [8] . The ability to build up sterol esters as intracellular ergosterol pool should be even more important for anaerobic yeast cells unable to synthesize own ergosterol and relying on supply of exogenous sterols. To our surprise we observed remarkably low sterol ester levels in anaerobic yeast cells supplemented with ergosterol and Tween 80 irrespective of their growth phase. This inability to accumulate ergosterol esters was not a general defect in anaerobic sterol ester synthesis since cholesterol was e¤ciently esteri¢ed under these conditions (Fig. 1A) . Normal labelling of triacylglycerols indicated that there (Fig. 1B) . In aerobic cells, similar levels of sterol esters were observed for both probes. In anaerobic cells, low incorporation of [ 14 C]oleic acid into sterol esters was observed not only in cells supplied with ergosterol, but also with cholesterol. This impaired utilization of oleic acid in sterol esteri¢cation was apparently not related to some defect in oleic acid uptake or activation since anaerobic cultures exhibited normal growth on oleic acid as the sole source of unsaturated fatty acids and labelling did not improve after increased supply of oleic acid (results not shown). In addition, both yeast acylCoA :sterol acyltransferases were reported to incorporate e¤ciently oleic acid into sterol esters [2^4]. Anaerobic cells are unable to desaturate fatty acids and rely on external supply of unsaturated fatty acids. Oxygen limitation might thus induce preferential use of oleic acid for essential cellular functions (e.g. maintenance of membrane £uidity) and sterol esteri¢cation would utilize only saturated fatty acids synthesized in anaerobic cells. High anaerobic labelling of triacylglycerols with [ 14 C]oleic acid (Fig. 1B) might then re£ect their role as (unsaturated) fatty acid storage for membrane phospholipid synthesis.
Two yeast acylCoA :sterol acyltransferases exhibit di¡erent response to oxygen
As mentioned earlier, individual functions of two yeast acylCoA:sterol acyltransferases encoded by genes ARE1 and ARE2 are still unresolved. Using mutants with single disruptions in ARE1 and ARE2 genes we analyzed the response of Are1p and Are2p to oxygen (Fig. 2) . In aerobic cells, disruption of ARE1 gene did not a¡ect sterol ester levels while reduced amounts of sterol esters were observed in are2 disruptants. However, an inverse pattern of sterol esteri¢cation was observed in anaerobic cells.
When labelled with [
14 C]acetate, are1 disruptants (with Are2p active) exhibited sterol ester levels reduced to some 25% of wild-type level while no change was observed in are2 disruptants (with Are1p active) ( Fig. 2A) . The same pattern of sterol esteri¢cation in anaerobic are1 and are2 cells was observed also when [ 14 C]cholesterol was used as labelling probe (Fig. 2B) . Our results indicate that ARE1 and ARE2 gene products respond di¡erentially to oxygen analogously to the regulation of HMG1 and HMG2 genes encoding yeast 3-hydroxy-3-methylglutaryl Single gene disruptants are1 ARE2 (strain 2D) and ARE1 are2 (strain 2C) were pre-grown anaerobically in YPD media supplemented with ergosterol (¢nal concentration 20 Wg ml 31 ) and Tween 80 (0.06%, w/v) for 24 h. Aliquots of pre-culture were inoculated into fresh anaerobic media with various sterols (all at 20 Wg ml 31 ) and Tween 80. Growth characteristics of both mutants were not a¡ected by the type of sterol supplement during the experiment. After 15 h, [1- 14 C]acetic acid was added to the medium to a speci¢c activity of 1.67 kBq ml 31 and cells were labelled for 3 h. Lipids were extracted from labelled cells and analyzed as described in Section 2. Aliquots of lipid extracts corresponding to 10 000 dpm were applied per start. Two independent experiments with the complete series of ¢ve sterols were performed. Values shown for each experiment are net dpm (after background subtraction) found in sterol ester spots. coenzyme A reductase [9] . Di¡erent activities of Are1p and Are2p isoenzymes might re£ect specialized roles of sterol esters in aerobic and anaerobic cells. In aerobic cells, esteri¢cation could serve mainly to store excess ergosterol for the periods of increased demand. On the other hand, oxygen limitation might cause accumulation of ergosterol precursors as well as induction of the uptake of unusual (and potentially harmful) sterols from the environment. Higher activity of the isoenzyme with preference for such sterols might represent an adaptive advantage during anaerobiosis. Yeast acylCoA :sterol acyltransferases may indeed di¡er in sterol preference since ergosterol was the major esteri¢ed sterol found in aerobic are1 mutants (retaining Are2p activity) while are2 disruptant (with the putative hypoxic isoenzyme Are1p) exhibited higher content of ergosterol precursors in sterol ester fraction [4] . We tested therefore whether single disruption of ARE1 or ARE2 gene would a¡ect levels of sterol esters in anaerobically grown cells supplemented with ¢ve di¡erent sterols : native fungal sterol (ergosterol), animal sterol (cholesterol), sterol precursor (lanosterol) or two plant sterols (sitosterol and stigmasterol). Results of two independent experiments are presented in Table 1 . In both experiments, general esteri¢cation pattern revealed higher levels for all tested sterols in cells expressing ARE1 gene con¢rming thus the role of Are1p as hypoxic acylCoA :sterol acyltransferase. With respect to the e¡ect of individual sterols, cholesterol and sitosterol were e¤ciently esteri¢ed in ARE1 are2 strain and detectable levels of their esters were found also in are1 ARE2 cells. On the other hand, poor esteri¢cation was observed for ergosterol, lanosterol and stigmasterol in ARE1 are2 cells and practically no esters of these sterols were detectable in are1 ARE2 mutant. Our observation is in agreement with an earlier study of Taylor and Parks [10] who reported accumulation of di¡erent amounts of sterol esters in aerobically grown hem1 erg7 double mutant fed various sterols. Using competition experiments with pairs of structurally di¡erent sterols they showed preferential esteri¢cation of sterols lacking v 7 or v 22 double bonds, or 24-L methyl group. All sterols tested in our study except lanosterol ¢tted into this pattern. Low esteri¢cation of lanosterol and ergosterol observed in our experiments could not be explained by their low a¤nity to Are1p and Are2p since esters of both ergosterol and lanosterol were found in aerobically grown are1 and are2 mutants [4] and ergosterol was e¤ciently used as substrate for esteri¢cation in microsomal fraction of semi-anaerobic cells [11] . A plausible explanation for variation in sterol ester levels could be in a di¡erent ability of externally supplied sterols to reach endoplasmic reticulum as the site of esteri¢cation. This idea is supported by results of Taller and Daum [12] showing that cholesterol and ergosterol were delivered to yeast mitochondria by di¡erent mechanisms in a reconstituted lipid transfer assay. In addition, Soustre et al. [13] showed that exogenously supplied ergosterol was incapable to downregulate transcription of ERG2 gene controlled under normal conditions by levels of endogenously synthesized ergosterol. This indicated that exogenously supplied ergosterol might not be able to reach intracellular sites in anaerobic cells that are accessible for nascent ergosterol in aerobic conditions.
In conclusion, our results showed that in addition to ergosterol biosynthesis, oxygen de¢ciency a¡ected signi¢-cantly also sterol esteri¢cation in the yeast S. cerevisiae. Speci¢c changes in esteri¢cation pattern in anaerobic cells were demonstrated by impaired utilization of oleic acid for sterol esteri¢cation and by low e¤ciency of anaerobic esteri¢cation of ergosterol. Di¡erent esteri¢cation e¤ciency observed for various sterols raised an interesting possibility that relatively modest di¡erences in sterol structure might have signi¢cant e¡ect on their intracellular transport. The most important e¡ect of anaerobiosis was the change in contribution of two yeast acylCoA :sterol acyltransferases to sterol ester levels after anaerobic shift. While Are2p was the dominant enzyme in aerobic cells, higher activity of Are1p was observed under anaerobic conditions. These two proteins may thus represent a normoxic/hypoxic enzyme pair at the late step in sterol metabolism in S. cerevisiae.
